Background--Thoracic aortic aneurysm (TAA) outcomes are worse in women than men, although reasons for sex differences are unknown. Because faster TAA growth is a risk factor for acute aortic syndromes, we sought to determine the role of sex and aneurysm etiology on TAA growth.
T horacic aortic aneurysms (TAAs) are considered "silent killers" because they seldom produce symptoms but are associated with high morbidity and mortality. 1 As many as 22% of people who suffer an acute aortic syndrome die at home before receiving medical attention, 2, 3 and among those who reach the hospital alive, 34% die within the first 30 days. 2 Despite these somber statistics, TAA remains significantly understudied when compared to other cardiovascular or systemic diseases. Therefore, there is a need to enhance our understanding of the pathophysiology of TAA in order to improve clinical care and outcomes of this deadly disease.
Over the past few decades natural history studies have taught us about the epidemiology and outcomes of TAA. [4] [5] [6] [7] Importantly, although TAAs are more prevalent in men, 2 its prognosis is worse in women. Women with TAA are more likely to have an aortic dissection or rupture, 1, 8 especially at smaller aneurysm sizes, 9 and are more likely to die than men with TAA. 9, 10 These findings persist despite indexing aneurysm size to body size, 11 suggesting that the mechanism leading to adverse TAA-related outcomes in women may be independent of aneurysm dimensions. Despite these known sex differences, reasons for worse TAA outcomes in women remain poorly understood and underexplored. In regard to TAA outcomes, the growth rate of the aneurysm is a relevant parameter for risk assessment and monitoring. Faster aneurysm growth is an established risk factor for dissection/rupture, [12] [13] [14] and for this reason guidelines recommend prophylactic surgical repair when aneurysm growth is greater than 0.5 cm/y. 15, 16 However, there are no separate criteria based on sex, and whether TAA growth rates differ between men and women is unknown. Thus, in light of the reported worse TAA outcomes in women, we hypothesized that aneurysm growth rates would be greater in women than men. To address this hypothesis, we conducted a retrospective study of subjects with TAAs with different etiologies with the objective of documenting and comparing aneurysm growth rates between men and women. In addition, we sought to determine whether etiology of the aneurysm plays a role in the association of sex with aneurysm growth.
Methods Study Participants and Assessment of Baseline Characteristics
Study participants consisted of unoperated men and women with TAA recruited from the University of Ottawa Heart Institute's Aorta Clinic. Those with ≥2 previous aneurysm measurements ≥6 months apart were considered eligible. Exclusion criteria included a previous history of aortic dissection, rupture, intramural hematoma, or surgery. The study was approved by University of Ottawa Heart Institute's Research Ethics Board, and participants gave informed consent. Between February 2014 and February 2016, 82 consecutive participants were enrolled. At study enrollment, participants filled out a standard questionnaire about personal and family history and medication use, gave a blood sample, and had anthropometric data collected. Hypertension was defined by physician diagnosis and/or current treatment with antihypertensives. Diabetes mellitus was defined by physician diagnosis and/or use of insulin or oral hypoglycemic medications. Dyslipidemia was defined by physician diagnosis and/or use of lipid-lowering medications. Smoking was defined as having smoked more than 100 cigarettes in the past. Weight was measured in kilograms using an electronic scale, and height was measured in meters by a stadiometer. BMI was calculated as weight (kg) divided by the square of height (m 2 ). Body surface area (BSA) was calculated using the Gehan method. 17 Blood pressure was measured using a sphygmomanometer 3 times, with 2-minute intervals between readings, and their average was used for analyses. Mean arterial pressure (MAP) was calculated as 2/3 of the systolic blood pressure +1/3 of the diastolic blood pressure. TAA etiology was categorized as heritable (hTAA) or degenerative (dTAA). hTAA was defined as being associated with heritable conditions such as bicuspid aortic valve, Marfan syndrome, familial thoracic aorta aneurysm, and dissections or other genetic syndromes known to be associated with TAA. A TAA was considered degenerative if hypertension and/or other atherosclerotic risk factors were present in the absence of known congenital or genetic factors as defined in hTAA above.
Assessment of Aneurysm Size and Growth Rates
All imaging studies had been previously performed in our Institution and were available for retrospective assessment. Imaging modalities assessed included echocardiography, computed tomography (CT), and magnetic resonance imaging (MRI). Maximum thoracic aorta size was measured by an imaging cardiologist (T.C.) in the first available and most recent imaging studies according to published guidelines. 18 Whenever possible, the same imaging modality was used to compute aneurysm growth (concordant imaging modality). When the initial imaging modality was not subsequently repeated, measurement of the most recent aneurysm size was performed using a different imaging modality. Aneurysm growth rate was calculated as the absolute growth of the aneurysm divided by the total follow-up time (mm/y). In addition, because aneurysm size may vary with body size, we also calculated aneurysm growth rates using indexed new and baseline aneurysm sizes [aneurysm size/BSA, (mm/m 2 )/y].
Statistical Analyses
Continuous variables were reported as meanAEstandard deviation (SD), and nominal variables were reported as total number and percentages. Differences between men and women were compared using a t test for normally distributed continuous variables, Wilcoxon rank-sum test for skewed variables and chi-squared test for nominal variables.
A sample equal to 10% of the original sample size was randomly selected for blinded repeated measures of baseline and follow-up aneurysm size in order to assess intraobserver variability.
The association of female sex with aneurysm growth rate was assessed with multivariable linear regression models adjusted for parameters that are available for clinical decision making in this population: age, BSA, MAP, baseline aneurysm size, aneurysm etiology, follow-up time, antihypertensive use, and history of hypertension, diabetes mellitus, dyslipidemia, and smoking. In addition, to determine whether aneurysm etiology modifies the associations of sex with aneurysm size, we included an interaction term for sex9aneurysm etiology in the models. If the interaction term was significant, analyses were repeated after stratifying the sample for aneurysm etiology.
Fast aneurysm growth was defined as aneurysm growth greater than the median value in the sample. We then performed multivariable logistic regression models, adjusted for the aforementioned covariates, to determine the independent association of female sex with fast aneurysm growth. C-statistics for models with and without female sex were computed.
All analyses were performed using JMP version 12 (SAS Institute, Cary, NC). A 2-sided P≤0.05 was considered statistically significant.
Results
Participant characteristics are summarized in Table 1 . Seventy-four percent of participants were men, consistent with the known higher prevalence of TAA in men. 2 The average age was 62.4AE11.9 years in men and 67.7AE11.8 years in women (P=0.06). The prevalence of cardiovascular risk factors was similar between men and women. Forty-seven (57%) subjects had dTAAs; the remainder had hTAAs. The proportion of dTAA to hTAA was similar in men and women (P=0.57). All subjects had aneurysms of the aortic root and/or ascending aorta. Twenty-four subjects (29%) had maximal aneurysm dilation at the aortic root, and 58 (71%) at the ascending aorta. Absolute aneurysm size was not different between men and women, although indexed aneurysm size was greater in women than men. CT was the most commonly used modality at baseline in men and women. Aneurysm size was assessed using the same imaging modality in 57% of the participants, which was not different between men and women (P=0.57). Repeatability analyses revealed that there was excellent intraobserver agreement (see Figure 1 ). For baseline aneurysm size, Spearman correlation coefficient=0.98, P<0.0001. The Bland-Altman plot revealed that the mean difference was 0.34 mm (95% confidence interval [CI]: À0.32, 1.00 mm), and that the bias was not different from zero (P=0.26). For follow-up aneurysm size, Spearman correlation coefficient=0.98, P<0.0001. The Bland-Altman plot revealed that the mean difference was À0.31 mm (95% CI: À1.12, 0.51 mm), and the bias was not different from zero (P=0.40).
The average follow-up time was 3.1AE2.8 years, which was similar between men and women (P=0.61). Median (interquartile range) aneurysm growth rate in the whole sample was 0.38 (0.13-1.09) mm/y. TAA growth rates were over twice as fast in women as in men (Table 1 and Figure 2 ). Sex differences in aneurysm growth rates persisted once indexed aneurysm sizes were used to compute growth rates ( Table 1) . Results of the multivariable linear regression model to predict absolute aneurysm growth rate are depicted in Table 2 . Of note, baseline aneurysm size and etiology were not independently associated with rate of growth. We found that women had an average 0.35 mm/y greater aneurysm growth rate than men after adjustment for potential confounders ( Table 2 ). The only other independent predictor of aneurysm growth rate was follow-up time: for each 1-year increase in follow-up time, there was a lower 0.12 mm/y TAA growth, which likely reflects the fact that indolent aneurysms can be observed for longer periods of time, whereas aggressive aneurysms are surgically corrected. When we used indexed aneurysm growth rate as the dependent variable instead, female sex remained independently associated with greater aneurysm growth (Table 3) , with an average 0.21 (mm/m 2 )/y greater indexed TAA growth rate than men.
As in the aforementioned model, the only other independent predictor of indexed aneurysm growth rate was follow-up time:
for each 1 year increase in follow-up time, there was a lower 0.06 (mm/m 2 )/y TAA growth. Inferences remained unchanged whether models were unadjusted, age-adjusted, or adjusted only for variables univariately associated with the dependent variable (analyses not shown). The sex9aneurysm etiology interaction term was significant (P=0.003). Thus, we repeated the models after stratifying by aneurysm etiology. Baseline aneurysm size was similar in dTAA and hTAA subjects (45.5AE4.7 and 45.8AE3.7 mm, P=0.78, respectively, for absolute size and 23.2AE3.3 and 22.6AE2.6 (mm/m 2 )/y, P=0.36, respectively, for indexed size). Aneurysm growth rates in men and women with dTAA and hTAA are shown in Figure 3 . Aneurysm growth was over 3 times greater in women than men with dTAA (1.74AE1.17 vs 0.55AE0.59, P=0.0009). However, among hTAA subjects, growth rates were similar in men and women (0.65AE0.76 in men, 0.58AE0.79 in women, P= 0.83). Results of etiologyspecific multivariable models are shown in Table 4 . We found that female sex was only independently associated with faster aneurysm growth among subjects with dTAA. In sensitivity analyses we separately evaluated subjects who had had concordant and discordant imaging modalities and found that inferences remained unchanged: the independent association of female sex with faster aneurysm growth among dTAA subjects remained significant among those who had concordant (bAESE 0.21AE0.10, P=0.05) and discordant (1.09AE0.32, P=0.01) imaging modalities between the baseline and the follow-up study. No other clinical variables were independently associated with aneurysm growth rate in dTAA subjects with concordant or discordant imaging.
Lastly, the multivariable logistic regression model showed that women had 6.3-fold greater odds of having fast aneurysm growth than men (95% CI: 1.4, 33.8. P=0.01). The C-statistic for the multivariable model that did not include female sex was 0.78. By adding female sex to the model, the C-statistic increased to 0.82 (P=0.01).
Discussion
To better understand potential reasons for the sex differences in TAA-related outcomes, we assessed the effect of female sex on TAA growth. To the best of our knowledge, this is the first study to assess sex differences in TAA growth rates. Our findings confirm our hypothesis that TAA grows faster in women despite adjustment for body size and other relevant parameters used for clinical assessment. Furthermore, we found that sex differences in aneurysm growth are only present in subjects with dTAA and that growth rates in hTAA subjects are similar between men and women. Our study brings novel insights into sex-specific TAA behavior and provides a potential explanation for the higher risk of TAA dissection, rupture, and death in women.
Sex Differences in Aneurysm Outcomes and Growth
We found that although absolute aneurysm size was similar between men and women, baseline indexed aneurysm size was greater in women, highlighting the need to correct aneurysm size to body size when clinically assessing TAA patients. Importantly, we demonstrated that women experienced greater aneurysm growth rates than men despite adjustment for baseline aneurysm size and other clinically relevant covariates.
Epidemiology and natural history studies of TAA demonstrate that women have a 40% increase in the risk of mortality 10 and a 3-fold increase in the risk of TAA dissection or rupture compared to men. 8 In addition, there is evidence that acute aortic syndromes may occur in women despite a relatively small aneurysm size. In a study of 613 subjects with TAA, the proportion of women was much greater among those who had an aortic dissection at aortic diameters <3.5 cm (51% women) than among those who had an aortic dissection at aortic diameters >3.5 cm (29% women). 19 These data confirm the worse TAA-related outcomes in women and indicate that aneurysm size alone does not capture the complexity of aneurysm-related risk in women. However, the mechanisms for these sex differences remain unclear. Based on our findings, we can postulate that faster TAA growth in women may at least partially explain the sex differences in TAA outcomes. The epidemiology of TAA is opposite to that of another vascular disease: pulmonary arterial hypertension (PAH). TAA is more common in men but has poorer outcomes in women; PAH is more common in women but has worse prognosis in men. Interestingly, men with PAH are older than women, 20 whereas the opposite is true for TAA. 21 The older age of men with PAH and women with TAA may partially explain the poorer outcomes. Alternatively, if there are any biological factors that protect men from PAH and women from TAA (thus justifying the lower prevalence of disease), perhaps men who develop PAH and women who develop TAA have more extensive arterial abnormalities and/or comorbidities to explain the poorer outcomes. These examples serve to illustrate the complexity and heterogeneity of arterial diseases and the need for sex-specific research to understand them. Because sex-based literature on TAA growth is lacking, we must compare our findings to studies of aneurysms of other arterial beds. In this context, growth and rupture rates of abdominal aortic aneurysms (AAAs) are also greater in women than men. AAA rupture risk has been shown to be 4-fold higher in women than men, 22 and AAA growth rates are also greater in women (3.7 mm/y vs 2.0 mm/y in 1 study, 23 and 2.4 mm/y vs 1.7 mm/y in another study). 24 Similarly, in the cerebral circulation, female sex is associated with greater incidence 25 and growth 26 of intracranial aneurysms, which is in agreement with the AAA literature and with the findings from the present study. Thus, our findings add to the growing body of evidence showing that aneurysm behavior differs based on sex and raise a question about potential biological and biomechanical differences in the arteries of men and women.
To determine why aneurysms may grow faster in women, we must seek potential molecular and biomechanical differences in men's and women's aortas. Matrix metalloproteinases (MMPs) are enzymes capable of causing adverse arterial wall remodeling and have been shown to predispose to aortic aneurysm formation and dissection. [27] [28] [29] Notably, women with dTAA have greater concentration of MMP-2 and MMP-9 and lower concentrations of inhibitory enzymes TIMP-1 and TIMP-2 than men, highlighting greater extracellular matrix remodeling in women's aortas. 30 This results in greater aortic wall stiffness. 30 In addition, MMP-2 and MMP-9 inhibit degenerative thoracic aortic aneurysm; hTAA, heritable thoracic aortic aneurysm. Among subjects with dTAA, aneurysm growth rates were over 3 times greater in women than in men. However, in subjects with hTAA, aneurysm growth was similar in men and women. Ca 2+ entry for smooth muscle contraction, promoting aortic dilation and inhibiting muscle contraction. 31 Further, in patients with AAA, an increase in estrogen receptor a in the aortic wall has an inverse association with MMP activity and aneurysm growth rate, 32 suggesting a beneficial effect of female reproductive hormones on aneurysm biology. This is relevant to the present study, as most of the female participants were postmenopausal. However, further biomechanical, histological, and molecular studies are needed in order to identify structural differences in men's and women's TAAs, especially in the setting of dTAA, that may ultimately predispose women to progressive aneurysm enlargement, dissection, and rupture.
Role of Aneurysm Etiology on Sex Differences in Aneurysm Growth
Arterial hypertension plays a major role in TAA formation and aneurysm growth. By increasing shear stress on the aortic wall, hypertension is the principal risk factor predisposing to TAAs and aortic dissection in the community. A recent epidemiologic study of over 30 000 subjects followed for 16 years showed that hypertension is present in 76% of all people with TAA and in 86% of people who subsequently develop an aortic dissection. 33 In this study, hypertension was associated with 2.6 times greater odds of future aortic dissection and conferred a population-attributable risk of 54%. Therefore, hypertension plays a major role in aneurysmrelated risk. Importantly, hypertension is among the chronic conditions that are more prevalent in older women than men. 34 These data motivated our hypothesis that the etiology of the aneurysm would modify the association of female sex with aneurysm growth because the majority of dTAA patients are hypertensive. Indeed, in this cohort of predominantly older individuals, we found that TAA growth was only greater in women than men with dTAA, and that aneurysm growth was similar in men and women with hTAA. Notably, hTAA subjects were also younger (55AE10 vs 69AE10 years, P<0.0001) and had lower prevalence of hypertension (26% vs 66%, P=0.0002) than dTAA subjects. In cohorts of similar age to the present one, we have previously shown that arterial hemodynamic load is greater in women than men. 35 Therefore, it is possible that greater hemodynamic load in older women with dTAA may increase shear stress on the aneurysm wall, promoting aneurysm expansion. Alternatively, it is also possible that there are fundamental histological and/or molecular differences in the aneurysm walls of women and men with dTAA, whereas in hTAA wall pathology may be uniform between sexes. Our study provides a solid foundation that motivates further studies of aneurysm pathology and mechanobiology in men and women with dTAA and hTAA, in order to disentangle the complex links among sex, aneurysm etiology, and aneurysm behavior.
Limitations
Our study has limitations. First, this is a retrospective study of living and unoperated subjects. Thus, our study cannot directly determine whether faster aneurysm growth rates contribute to greater risk of acute aortic syndromes and mortality in women. Second, not all participants had aneurysm size measured with the same imaging technique. However, previous studies have shown excellent concordance in aortic measurements across imaging modalities (r=0.90-0.97), 36 and the proportion of subjects having follow-up with different imaging modalities was not different between men and women. Moreover, in sensitivity analyses we demonstrated that results were unchanged when subjects with concordant and discordant imaging were analyzed separately, confirming the robustness of our findings. Third, we did not have data on MMPs or other molecular, histological, or hemodynamic factors that may underlie the associations found. Last, most of the women included in this study were older and postmenopausal; thus, additional studies are needed to determine aneurysm growth rates in younger women and compare it to growth rates of similarly aged men.
Conclusions
Women with dTAA have greater aneurysm growth rates than men, independently of body size or other clinical variables, whereas aneurysm growth rates are similar between men and women with hTAA. Our novel observations corroborate similar findings in the AAA and intracranial aneurysm literature and provide a potential explanation for the worse TAA-related outcomes observed in women. Further, results from our study motivate future investigations aimed at assessing potential molecular, hormonal, and biomechanical bases for faster aneurysm growth and acute aortic syndromes in women. 
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